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Most of the active pharmaceutical ingredients are oxidatively transformed by the liver into metabolites. In order to evaluate pharmacologic or even toxic effects, it is of high importance to know the metabolic products and to gain knowledge about their potential health impacts.[1](#open202000084-bib-0001){ref-type="ref"}, [2](#open202000084-bib-0002){ref-type="ref"}, [3](#open202000084-bib-0003){ref-type="ref"} Biotransformation reactions in the liver mainly lead to hydrolysis or oxidation (phase‐1 drug metabolism) and biosynthetic reactions conjugating metabolites with glutathione, sulfates, amino acids or acetates (phase‐2 drug metabolism, leads to deactivated metabolites).[3](#open202000084-bib-0003){ref-type="ref"}, [4](#open202000084-bib-0004){ref-type="ref"}, [5](#open202000084-bib-0005){ref-type="ref"} Phase‐1 metabolism is mainly performed (75 %) by Cytochrom P450 monooxygenases.[5](#open202000084-bib-0005){ref-type="ref"}, [6](#open202000084-bib-0006){ref-type="ref"} It is assumed that Cytochrom P450 monooxygenases use electrophilic oxoferryl‐porphyrin‐cation radicals to catalyze *N*‐dealkylation, *O*‐dealkylation, aromatic hydroxylation, oxidation of alcohols and aldehydes and Baeyer‐Villiger oxidations.[2](#open202000084-bib-0002){ref-type="ref"}, [6](#open202000084-bib-0006){ref-type="ref"}, [7](#open202000084-bib-0007){ref-type="ref"}, [8](#open202000084-bib-0008){ref-type="ref"}, [9](#open202000084-bib-0009){ref-type="ref"} Application of electrochemistry in this field is intended to partly simulate the enzymatic oxidation of Cytochrome P450 to form metabolic products of the phase‐1 metabolism,[3](#open202000084-bib-0003){ref-type="ref"}, [8](#open202000084-bib-0008){ref-type="ref"} Besides the cost‐benefit assessment, it is also of great interest for ethical reasons to find alternatives to in vivo experiments.[5](#open202000084-bib-0005){ref-type="ref"}, [10](#open202000084-bib-0010){ref-type="ref"} Furthermore, electrochemical synthesis might enable quantitative synthesis of metabolites and reduction of critical waste due to the absence of any reducing and/or oxidizing reagents. Consequently, electrochemistry has already been employed in drug metabolism research.[7](#open202000084-bib-0007){ref-type="ref"}, [11](#open202000084-bib-0011){ref-type="ref"} Direct hydroxylation of aromatic compounds leads to labile intermediates that are significantly more prone to further oxidation. Therefore, usually over‐oxidized reaction products are formed. Using an electrochemical oxidation system with addition of nucleophilic compounds, which can trap the radical‐cationic intermediates, it is possible to detect and isolate these metabolic products. The electrochemical C−H amination of aromatic compounds in the presence of pyridine has already been reported.[12](#open202000084-bib-0012){ref-type="ref"}, [13](#open202000084-bib-0013){ref-type="ref"} Pyridine as tag molecule is suitable for the following reasons: the high oxidation potential of pyridine enables selective oxidation of aromatic compounds in the presence of pyridine, furthermore the nucleophilic nature and the excessive use of pyridine lead to a trapping mechanism of occurring radical cation being electrochemically generated. After a second oxidation step the *N*‐arylpyridinium cation will be formed. Yoshida and co‐workers postulated that any over‐oxidation is suppressed because of strong electron‐withdrawing effect of a positive charge on the pyridinium nitrogen and the electrostatic repulsion towards the positively polarized anode, avoiding introduction of multiple groups and subsequent degradation.[12](#open202000084-bib-0012){ref-type="ref"} Therefore, accumulation of the main oxidation product takes place and the most reactive positions in a molecule might reveal metabolic hot spots of a drug entity. When charged tags are incorporated into the target molecules not only the reactive sites of initial oxidation are marked, also the metabolite detection with mass spectrometry is facilitated. Subsequent introduction of OH‐groups enables synthesis of real drug metabolites.[14](#open202000084-bib-0014){ref-type="ref"}, [15](#open202000084-bib-0015){ref-type="ref"}

Metoprolol was chosen as a test molecule for proof‐of‐principle. Metoprolol is a selective β1‐receptor blocker and it is mainly used to treat high blood pressure and to prevent further heart problems after myocardial infarction. It is also used when conditions with chest pain occur due to poor blood supply to the heart and abnormally fast heart rate. Metoprolol metabolism has been investigated in many studies over decades.[16](#open202000084-bib-0016){ref-type="ref"} The electrochemical adaption seems to proceed by the initial one‐electron oxidation of an aromatic compound **1** to produce the radical cation. Pyridine is present in abundantly amounts and leads to a subsequent nucleophilic attack on the radical cation species followed by one electron oxidation and elimination of a proton gives the arylpyridinium ion **2** (Scheme [1](#open202000084-fig-5001){ref-type="fig"})

![Proposed mechanism of **a**nodic oxidation of Metoprolol **1**.](OPEN-9-568-g004){#open202000084-fig-5001}

This work presents a reliable and cost‐efficient method for synthesizing tagged and oxidized Metoprolol derivatives via electrochemistry and identification with high performance liquid chromatography‐mass spectrometry using electrospray ionization (HPLC‐ESI‐MS) and nuclear magnetic resonance (NMR) spectroscopy. The work is focused on the identification of the main oxidation product and the optimization of the method with respect to yield the major product from oxidation.

The galvanostatic electrolysis of Metoprolol was carried out in divided cells. Electrosynthesis in presence of pyridine favoured one main oxidation product **2** with a m/z ratio of 345 (positive mode). Structural clarification based on interpretation of MS^2^‐, MS^3^‐ and 2‐dimensional nuclear magnetic resonance (NMR) data revealed following pyridinated charge tag **2** (Figure [1](#open202000084-fig-0001){ref-type="fig"}).

![Main oxidation product of Metoprolol in presence of pyridine. For more information on the analytical data see Supporting Information.](OPEN-9-568-g001){#open202000084-fig-0001}

Structural isomers containing *N*‐pyridinium tags at side chains are suppressed due to inaccessibly of C(sp^3^)‐H moieties for anodic oxidation.[17](#open202000084-bib-0017){ref-type="ref"} However, especially at higher applied charge (5 F) beside the main oxidation products other pyridinated side oxidation products (3) were detected. Apart from single aromatic pyridination, aliphatic positions were oxidized and transformed into advanced degraded products. Especially, amine and alcohol functionalities are facilitated for these over‐oxidation processes (for detailed structure analysis see Supporting Information, chapter 1.4). Beside pyridinium‐tagged products, traces of non‐pyridinated side oxidation products (4) were observed. MS^2^‐experiments of these products show similarity with Metoprolol spectra.[18](#open202000084-bib-0018){ref-type="ref"} Oxidation products of this group contain a modified *O*‐containing functional group instead of a pyridinium tag. This suggests that a competitive reaction mechanism occurs during electrolysis. The used boron‐doped diamond (BDD)‐electrode is thought to enable an 'indirect' electron transfer via OH radicals if water content is significant.[19](#open202000084-bib-0019){ref-type="ref"} Spectra and postulated structures are provided in the supplementary material (see Supporting Information, chapter 1.4).

Screening of electrochemical reaction conditions were carried out in divided Teflon cells with different separator materials e. g. glass frit or a proton exchange membrane like FAPQ® (for more details see Supporting Information, chapter 1.1). This screening technique is very time efficient and allows the variation of several parameters simultaneously, e. g. current density and applied charge (for more details see Supporting Information chapter 1.1).[20](#open202000084-bib-0020){ref-type="ref"} Platinum was used as the cathode material due to its low over‐potential for the required hydrogen evolution (η^H2^=−0.40 V *vs*. Ag/AgCl).[21](#open202000084-bib-0021){ref-type="ref"}, [22](#open202000084-bib-0022){ref-type="ref"}, [23](#open202000084-bib-0023){ref-type="ref"} The BDD electrode was chosen due to the extraordinary properties of BDD as electrode material for electro‐organic synthesis.[24](#open202000084-bib-0024){ref-type="ref"} BDD is well known for its high robustness in electrochemical reactions and large chemical window, caused by high over‐potential for the evolution of molecular hydrogen and oxygen (η^H2^=−1.10 V *vs*. Ag/AgCl; η^O2^=2.30 V *vs*. Ag/AgCl).[21](#open202000084-bib-0021){ref-type="ref"}, [22](#open202000084-bib-0022){ref-type="ref"}, [23](#open202000084-bib-0023){ref-type="ref"} Besides these beneficial electro‐organic properties, BDD was already used to mimic enzymatic oxidation reactions.[25](#open202000084-bib-0025){ref-type="ref"}

The influence of supporting electrolytes such as lithium perchlorate (LiClO~4~), ammonium acetate (NH~4~OAc), and the absence of any supporting electrolyte has been investigated (applied charge 2.5 F, current density: 1 mA/cm^2^, Metoprolol: 0.25 mmol, separation: glass frit). Results were normalized within this test sequence. An insufficient reproducibility was observed, when LiClO~4~ was used as supporting electrolyte. This could be related to precipitation of the supporting electrolyte. Another disadvantage was the tedious workup procedure, regarding the removal of LiClO~4~. Ammonium acetate (NH~4~OAc) is vaporizable (decomposition at 90 °C). No workup procedure for the crude product after electrolysis is needed for measurements with ESI‐MS‐systems. Even though 4 % water needed to be added to enhance solubility of ammonium acetate and increase conductivity. Applying LiClO~4~ and NH~4~OAc a similar relative conversion to main oxidation products **2** of 71±3% and 71±5% could be obtained, respectively. However, without supporting electrolytes the relative result of 65±2 % main oxidation product is decreased. To ensure conductivity a water content of 4.5 % was applied in the anodic half‐cell. Increased water contents in anodic half‐cells led to an enhanced formation of OH radicals and therefore increased formation of non‐pyridinated side oxidation products (4) (see table [1](#open202000084-tbl-0001){ref-type="table"})

###### 

Relative conversion dependent on supporting electrolyte and water content (note: Relative yields are based on the highest result in the experiment series (in this case the sum of compounds (3) with LiClO~4~ as supporting electrolyte)).

  Supporting electrolyte   Water content   \[U~tv~\]=V   2^\[a\]^   3^\[b\]^   4^\[c\]^
  ------------------------ --------------- ------------- ---------- ---------- ----------
  LiClO~4~\*               0.0 %           2.5           77±3%      100±2%     1±0%
  NH~4~OAc                 4.0 %           2.9           76±5%      99±1%      4±1%
  None                     4.5 %           3.6           70±2%      93±2%      6±1%

\*not further pursued, due to lack of reproducibility, \[a\] **2**=main oxidation product, \[b\] 3=pyridinated side oxidation products, \[c\] 4=non‐pyridinated side oxidation products; U~tv~=terminal voltage; for electrolysis conditions see text.
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Subsequently, we investigated the efficiency of Metoprolol electrooxidation. Experimental data indicates that the conversion depends on the Metoprolol concentration containing 20.8 mmol/L (0.125 mmol Metoprolol), 41.7 mmol/L (0.250 mmol Metoprolol) and 62.5 mmol/L (0.375 mmol Metoprolol) (supporting electrolyte: NH~4~OAc, current density: 1 mA/cm^2^ with 2.5 F applied charge, separation: glass frit). Results were normalized within this test sequence. With decreased Metoprolol concentration (0.125 mmol) lowest Metoprolol conversion has been observed (see table [2](#open202000084-tbl-0002){ref-type="table"}). Best results of the formation of compound **2** were obtained with 0.250 mmol Metoprolol, while increased Metoprolol concentration (0.375 mmol Metoprolol) decreased relative yields of **2** from 87 % to 67 % respectively. Further increased formation of non‐pyridinium‐tagged oxidation products (4) was obtained. A Metoprolol concentration of 41.67 mmol/L (0.250 mmol) seems to be optimal for the formation of **2**.

###### 

Influence of provided Metoprolol on product formation (note: Relative yields are based on the highest result in the experiment series (in this case the sum of compounds (3) with 0.250 mmol as supporting electrolyte)).

  Metoprolol molarity   Metoprolol recovery   \[U~tv~\]=V   **2** ^\[a\]^   3^\[b\]^   4^\[c\]^
  --------------------- --------------------- ------------- --------------- ---------- ----------
  0.125 mmol            53 %                  2.4           45 %            56 %       2 %
  0.250 mmol            6 %                   2.4           87 %            100 %      5 %
  0.375 mmol            8 %                   2.5           67 %            80 %       10 %

\[a\] **2**=main oxidation product, \[b\] 3=pyridinated side oxidation products, \[c\] 4=non‐pyridinated side oxidation products; U~tv~=terminal voltage; for electrolysis conditions see text.
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Next, the influence of the separator material was investigated. Due to their positive charge, pyridinium‐tagged derivatives are prevented from further oxidation from the anode. However, oxidized positive charged intermediates or products are attracted by the cathode. Furthermore, the concentration gradient between anodic and cathodic compartments increases during electrolysis. Both effects lead to an increasing trend of oxidation products diffusing towards the cathode. For preventing migration of oxidation products and starting material towards the cathodic compartment a divided cell set‐up was used with separator membranes. Applied separation membranes require permeaselectivity towards exclusively protons while maintaining low electrical resistivity and prevent diffusion of analytes in the cathodic compartment. Here, porous glass frits and FAPQ® membranes have been compared for their permeaselectivity. Therefore, the analyte concentrations were determined in both half‐cells after electrolysis. The values shown in figure [2](#open202000084-fig-0002){ref-type="fig"} were calculated as fraction in the cathodic half‐cell to the total sum found in both compartments. Experiments with glass frits as separator membrane have shown that (independently from supporting electrolytes used) 71.2 % of Metoprolol in particular was found in the cathodic compartment (impedes a full conversion, see figure [2](#open202000084-fig-0002){ref-type="fig"}A). The backwards diffusion of Metoprolol from the cathodic half‐cell to the anodic half‐cell seems to be too slow to equilibrate Metoprolol conversion by oxidation. Separation with glass frit also resulted in 20 % of main oxidation product **2** in the cathodic half cell (decreasing obtained yields). An applied FAPQ®‐membrane was able to prevent diffusion in the cathodic compartment almost quantitatively for compound **2** and decreased the diffusion of Metoprolol to 4.5 %. FAPQ® is a proton permeable exchange membrane, (for further details see chapter 1.1).

![(A): Efficiency of half‐cell separation using different membranes. Values were calculated as fraction in cathodic compartment to the total sum found in both half‐cells. Separation with glass frit resulted in 20 % of **2** (green) or even above 70 % for Metoprolol (blue). An applied FAPQ membrane was able to prevent diffusion in cathodic compartment almost quantitative for main oxidation product **2** and decreased diffusion to 4.5 % for Metoprolol. (B): Obtained yield of **2** dependent on applied charge. A maximal formation of compound **2** of 58±2% was obtained at 3.0 F. The observation of cathodic half‐cell concentrations for main oxidation product **2** confirmed that diffusion into the cathodic compartment does not increase with increased applied charge (also resulting in increased reaction time). For error calculation every charge has been applied twice.](OPEN-9-568-g002){#open202000084-fig-0002}

The current density is related to the radical spin density close to the electrode surface. Controlled radical formation is desired, hence lower current densities might be beneficial. Higher current densities tend to lead to uncontrolled reaction pathways, which is certainly undesired with fragile substrates. The influence of the current density on oxidation products formation was investigated for 1 and 10 mA/cm^2^ (supporting electrolyte: NH~4~OAc or none, amount of charge: 2.5 F, Metoprolol: 0.25 mmol, separator: glass frit). Increased current density caused a decreased conversion of Metoprolol and the formation of the main oxidation product decreased by 20 % (with NH~4~OAc as supporting electrolyte) or even 50 % (without any supporting electrolyte) respectively. The theoretical amount of charge of Metoprolol is 2 F. The increase of applied charge from 2.5 F stepwise to 5.0 F resulted in depletion of Metoprolol with 3.5 F (see Figure [3](#open202000084-fig-0003){ref-type="fig"}, red values). However, increased Metoprolol conversion does not lead to increased formation of the main oxidation product (**2**, green values). Increased applied charges form pyridinated side oxidation products (3, dark blue) might result from further oxidation of **2**. Non‐pyridinated side oxidation products (4, light blue) seem not to be heavily affected by increased applied charges (Electrolysis conditions: Charge: 2.5--5 F, stepwise, supporting electrolyte: NH~4~OAc, current density: 1 mA/cm^2^, 0.25 mmol Metoprolol, membrane: FAPQ®).

![Metoprolol conversion and formation of side products dependent on applied charge. Red data reveal increased conversion of Metoprolol with elevated amount of charge. Increased Metoprolol conversion does not lead to increased formation of the main oxidation product (**2**, green values). Non‐pyridinated side oxidation products (4, light blue) seem to decrease slightly by elevated amount of charges. Increased applied charges form pyridine tagged side oxidation products (3, dark blue) which might result from further oxidation of **2** or derivatization of (4) with pyridine. For error calculation every charge has been applied three times, except 4.5 and 5.0 F, which have been tested only once. For further experimental descriptions see text.](OPEN-9-568-g003){#open202000084-fig-0003}

This study enabled synthesis of pyridinium‐tagged Metoprolol derivatives and revealed an active side at the *ortho*‐position of the phenoxy ether of Metoprolol, while avoiding multi oxidation reactions (one main oxidation product). A maximal formation of main oxidation product **2** via electrolysis of 58±2 % was obtained with supporting electrolyte NH~4~OAc, 0.25 mmol Metoprolol content, half‐cell separation with FAPQ®‐membrane, applied current density of 1 mA/cm^2^ and applied charge of 3.0 F. Traces of pyridinium tagged (3) and non‐pyridinium tagged side oxidation products (4) have been minimized. Therefore, oxidized products bearing a pyridinium moiety can be enriched during electrolysis and isolated for metabolite synthesis. Transition metal catalysis of pyridinium substituted groups on specifically selected oxygen nucleophiles might lead to an effective synthesis of metabolic products (Scheme [2](#open202000084-fig-5002){ref-type="fig"}). Recently, studies on this field are emerging, focusing on pyridinium salts as redox‐active functional group transfer reagents.[14](#open202000084-bib-0014){ref-type="ref"} Hence, this method might be able to provide a new reliable pathway for the synthesis of metabolites and supports further research into drug metabolism since direct hydroxylation reactions would lead to an over‐oxidation caused by lower oxidation potential of the new electron‐rich aromatic system. Consequently, further reactions occur, and the original metabolites would be only found in low yields.

![Anodic oxidation of arenes in presence of pyridine and conversion to metabolites; TM=transition metal](OPEN-9-568-g005){#open202000084-fig-5002}
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